The innate immune system plays a critical role in the initial antiviral response. However, the timing and duration of these responses must be tightly regulated during infection to ensure appropriate immune cell activation and anti-viral defenses. Here we demonstrate that during antiviral response, a negative regulator miR-221 was also induced in an ELF4-dependent manner. We further show that ELF4 promotes miR-221 expression through direct binding to its promoter. Overexpression and knockdown assay show that miR-221 can negatively regulate IFNβ production in time of virus infection. RNA-seq analysis of miR-221 overexpressed cells revealed multiple candidate targets. Taken together, our study identified a novel negative microRNA regulator of innate antiviral response, which is dependent on ELF4.
Introduction
Antiviral responses are initiated once the host pattern recognition receptors (PRRs), such as Toll-like receptors (TLR3, TLR7/8, TLR9) [1] , cytosolic double strand DNA (dsDNA) receptors (DAI, IFI16, DDX41 and cGAS) [2] [3] [4] [5] , and RIG-I like receptors (RIG-I and Mda5) [6, 7] , recognize its ligands. The ligands for RIG-I like receptors are cytoplasmic viral RNAs, and the adaptor MAVS (Mitochondrial Antiviral Signaling Protein) works downstream of these receptors and passes on the signals, leading to the transcription of NFκB and IRF3/7-dependent genes, including type I IFNs [8] [9] [10] [11] .
MicroRNAs (miRNAs) are single stranded RNAs of approximately 22 nucleotides, and are highly conserved in eukaryotes [12] [13] [14] . Mature miRNAs bind their cognate mRNAs through sequence base pair complementarity and trigger mRNA destabilization, stabilization or translational repression to modulate protein output [15, 16] . MiRNAs participate in both microbial pathogenesis and innate immunity. Previous studies showed that the complete loss of miRNAs a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
does not impact RNA virus replication [17, 18] and that the IFN response impairs miRNA targeting [19] . For example, miR-122 plays a role in the hepatitis C virus (HCV) life cycle [20] . In addition, miRNAs may be induced by TLR and RIG-I activation in myeloid cells and act as feedback regulators of TLR and RIG-I signaling [21] . In murine macrophages, let-7e can be induced by TLR signaling, and in turn suppress TLR4 expression [22] . Moreover, vesicular stomatitis virus (VSV) infected macrophages upregulate miR-146a expression through RIG-I signaling, and miR-146a suppresses type I IFN production by targeting IRAK1, IRAK2 and TNFR-associated factor 6 sequentially, facilitating VSV replication [23] .
ELF4 belongs to the ETS transcription factor family, which has at least 27 mammalian members involved in various biological processes [24] . We recently demonstrated that ELF4 regulates interferon and is critical for host defense [25] . ELF4 is activated by TBK1 (TANK Binding Kinase 1) in response to DNA and RNA virus infection, and enters the nucleus to initiate the transcription of type I IFNs [25] . In addition, ETS family members can regulate the transcription of miRNAs [26] , including miR-221, which is associated with tumorigenesis [27] . We now explore the role of ELF4 in miRNA production after viral infection, and its importance in viral pathogenesis and host defense. A list of ELF4 regulatory miRNAs was generated, of which miR-221 was shown to negatively regulate antiviral innate immunity. We further show that ELF4 induce miR-221 through direct binding to its promoter. RNA-seq analysis of miR-221 overexpressed cells revealed multiple candidate targets. Our study may provide important implications for inflammatory and autoimmune diseases.
Materials and methods

Mice, cells and viruses
Elf4−/− mice on a C57BL/6J background have been described previously [28] .All procedures followed the Peking University Guidelines for "Using Animals in Intramural Research" and were approved by the Animal Care and Use Committee of Peking University. iBMDM cells were a gift from Dr. Feng Shao (National Institute of Biological Sciences, Beijing). Isolation of mouse embryonic fibroblasts (MEFs) and peritoneal macrophages was performed as previously described [29] . HEK 293T were purchased from American Type Culture Collection (ATCC) and cultured in Dulbecco's modified Eagle medium (DMEM). VSV-GFP (Indiana strain) was kindly provided by Dr. John Rose (Yale University) and HSV-1 by Dr. Akiko Iwasaki (Yale University).
Plasmids
Pcmv5-human ELF4 has been described previously [21] . The plasmids coding human STING, MAVS, TBK1, IRF3, IRF7 and STK38 have been described previously [25] .
Various miR-RNAs were cloned into pCMV-MIR MicroRNA Expression Vector (OriGene).
RNA interference
23-nt antisense sequences were designed to produce shRNA expression cassettes. Antisense sequences of classic and mutated shRNAs corresponding to positions 65-87 of miR-221(miR-221 65-AGCUACAUUGUCUGCUGGGUUUC-87).
The miR-221 specific shRNA was cloned into pGenesil-1.1 vector and the oligo sequence was as follows:
AGCTCAAAAAAGAAACCCAGCAGACAATGTAGCTCAACAGCTACATTGTCTGCTGGGTTTC TTTTTTG Anti-has-mir-221 (inhibitor of has-mir-221) was purchased from Qiagen. 
Plaque assay and enzyme-linked immunosorbent assay
Promoter reporter construction
The microRNA promoter selection was as previously described [30] . The promoter regions were designed to include all or most of the promoter sequences (about 50bps). We amplified the promoter regions from human genomic DNA, and insert them into PGL3-basic plasmid. Other promoter luciferase plasmids including Ifnb-luc were as described [25] .
RNA seq
HEK 293T cells were transfected with miR-221 for 6 hours. Then we harvested these cell and control cells, and purified whole RNA using RNeasy Mini Kit (Qiagen NO. 74104).The transcriptome library for sequencing was generated using VAHTSTM mRNA-seq v2Library Prep Kit for Illumina1 (Vazyme Biotech Co.,Ltd, Nanjing, China) following the manufacturer's recommendations. The primary data can be accessed at Gene Expression Omnibus with the identifier"GSE107174".
Flow cytometry analysis
HEK293T cells, mouse embryonic fibroblasts or macrophages were infected with VSV-GFP, and harvested at the indicated time. The cells were fixed by IC fixation buffer (00-8222-49, eBioscience) and analyzed by FACS Calibur.
Quantitative real-time PCR
Total RNA was isolated from cells using the RNeasy RNA extraction kit (Qiagen) and cDNA synthesis was performed using 1 ug of total RNA (iScriptcDNA Synthesis kit). Quantitative PCR was done with gene-specific primers and 6FAM-TAMRA (6-carboxyfluorescein-N,N,N 0 , N 0 -tetramethyl-6-carboxyrhodamine) probes or inventoried gene expression kits from Applied Biosystems (6FAM-MGB (6-carboxyfluorescein minor groove binder) probes).
Quantitative real-time PCR of miRNA
To identify the ELF4 regulated miRNA, a selected panel of miRNA probes was purchased from Qiagen (92 miRNAs, Qiagen MIMM-105ZD-2). This kit is composed of 92 probes of the miRNAs that are related to inflammatory responses or autoimmunity and 4 internal control. Wild type or Elf4−/− macrophages were infected and the miRNA expression level was measured by Quantitative real-time PCR. RNA was isolated from cells using miRNeasy Mini Kit (Qiagen) cDNA synthesis was performed using 1 ug of total RNA (miScript II RT Kit miScript II RT Kit). The TaqMan probe for human miR-221 (477981_mir), mouse miR-221 (mmu481005_mir), internal control U6 (001973) were from Thermo Scientific.
Statistical analysis
Statistical comparisons were performed with the mean ± standard error of the mean (SEM) for continuous variables. All data were statistically analyzed by unpaired 2 sample t-test with p<0.05 indicative of statistical significance. All analyses were performed using GraphPad Prism 6.
Results
Screening for ELF4 dependent microRNAs in response to viral infection
We have previously found that ELF4, an ets domain transcription factor, plays a critical role in antiviral immunity [25] . A handful of miRNAs have been found to be involved in type I interferon production regulation [31] . Meanwhile, Ets1 and Ets2, both belonging to ets domain transcription factor family, were reported to regulate the expression of microRNA-126 in endothelial cells [32] . So we attempted to test whether ELF4 might regulate some miRNAs in response to viral infection. To do so, we selected 92 miRNAs, which have been shown to be involved in inflammatory responses or autoimmunity. We infected wild type and Elf4 ─/─ macrophages with VSV and measured the expression of these miRNAs using qRT-PCR assay ( Fig  1A) . A small group of miRNAs were induced following VSV infection of macrophages and most of them were increased in the Elf4
macrophages compared to wild type macrophages (Fig 1B) . However, the induction of miR-221, Let-7D, miR-126 and miR-155 were impaired in Elf4 ─/─ macrophages (Fig 1B) , suggesting that they are ELF4-dependent. To confirm that these miRNAs were regulated by ELF4, we generated luciferase reporters driven by the promoter sequence of the miRNAs. ELF4 was able to induce the reporters of miR-221, Let-7D, miR-126 and miR-155 but not miR-144 (Fig 1C) . Previous study showed that miR-221 was among the most highly expressed miRNAs in macrophages [33] . We next constructed miR-221 expression plasmid and confirmed its expression (S1 Fig). We then observed that miR-221 but not the three other miRNAs could facilitate viral infection (Fig 1D and 1E) . MiR-221 could therefore potentially dampen the host anti-viral immune responses.
ELF4 directly promotes miR-221 induction
Before further investigation, we specifically confirmed that miR-221 is induced by VSV infection in a ELF4-dependent manner (Fig 2A) and induction of miR-221 by VSV infection is also observed in immortalized bone marrow derived macrophage and mouse embryonic fibroblast cells (Fig 2B) . Next, Consistent with the reporter assay, overexpression of ELF4 triggered the production of miR-221 in a dose-dependent manner (Fig 2C) . Moreover, ELF4 was not able to activate the luciferase reporter when the miR-221 promoter had a GGAA mutation-which is essential for DNA binding of ELF4 (25) (Fig 2D) . It is believed that the ETS domain of ELF4 mediates the binding between ELF4 and the DNA elements. To further confirm that ELF4 promotes the transcription of miR-221 through direct DNA binding, we reconstituted full length ELF4 or the mutant lacking ETS domain into ELF4-deficient cells, followed by VSV infection. The impaired miR-221 induction was rescued by reconstituted expression of full length ELF4, but not by the mutant ELF4, in Elf4 ─/─ macrophages (Fig 2E) . In summary, these data demonstrate that ELF4 can initiate the transcription of miR-221 in response to VSV infection.
MiR-221 is a negative regulator of innate immune signaling
We previously showed that ELF4 is essential for the induction of type I IFNs during host defense [25] . As ELF4 regulates the production of miR-221, we explored the role of miR-221 in anti-viral immune responses. We overexpressed miR-221 and infected the cells with VSV or herpes simplex virus-1 (HSV-1). Overexpression of miR-221 in cells inhibited the production of IFNβ (Fig 3A and S2 Fig) and facilitated viral infection (Fig 3B and S3 Fig) . The miR-221 mutant with 10 core nucleotides deleted did not influence IFN induction or viral infection (Fig 3A and 3B ). In line with this, the induction of IFNβ was restored, and viral replication was suppressed, when we silenced endogenous miR-221 with a specific shRNA and synthetic anti- (Fig 3C-3E) . Inflammatory cytokines were also induced during viral infection. MiR-221 inhibited induction of IL-6 (Fig 3F) . Taken together, our data suggested that miR-221 is a potent negative regulator of type I IFNs production.
MiR-221 functions downstream of TBK1 and might target multiple pathways to inhibit type I IFN production
Viral infection can trigger the production of type I IFNs through cytosolic nuclear acids sensors. STING (Stimulator of interferon genes) [34] and MAVS are adaptor proteins downstream of cytosolic virus sensors. Overexpression of miR-221 inhibited the induction of IFNβ by these adaptors (Fig 4A and 4B ). TBK1 is a kinase downstream of MAVS and STING, and can phosphorylate and activate IRF3/IRF7. The IRF3/IRF7 complex then initiates transcription of type I IFNs. To further explore the role of miR-221, we co-transfected the cells with miR-221 and TBK1 or IRF3. MiR-221 inhibited IFNβ induction by TBK1 but not IRF3 (Fig  4A) , indicating that miR-221 targets a joint signaling molecule of these two pathways, and downstream of TBK1. To further delineate the function of ELF4 and miR-221 in host defense, we used RNA-Seq to identify targets that miR-221 may use in innate immune signaling. We transfected HEK 293T cells with miR-221 or control miRNA, and then sequenced the RNAs from these cells to determine the abundance of mRNAs of the genes that were modulated by miR-221 (Fig 4C) . With a focus on identifying candidate positive regulators of anti-viral immunity, we analyzed the down regulated genes (miR-221 overexpression versus control, fold change>2) in the "Virus Perturbations from GEO down" section of a web-base analysis tool (http://amp.pharm.mssm.edu/Enrichr/) [35] . Many of our down regulated genes were also down regulated in multiple virus infection RNA-seq datasets (Fig 4D and 4E) , such as BEST1, HIPK2 and MST1 et al (Fig 4F) . It is noteworthy that the anti-virus role of these candidate genes have not been revealed. Further studies should be conducted to test their involvement in anti-virus innate immunity. Nevertheless, these virus infection related transcriptomic changes strongly indicate that miR-221 utilizes multiple pathways to inhibit anti-virus innate immunity.
Discussion
MiRNAs are involved in the extensive network of host defense. As examples, miR-155, miR-146 and miR-21 are induced as negative regulators in a feedback mechanism to turn off TLR signaling [23, 26] . Regulation of the RLR pathway is likely somewhat similar, although the mechanisms have not yet been clearly defined [21] . We recently demonstrated that ELF4 is activated by RLR signaling after viral infection [25] . Here we revealed a role for ELF4 in miRNA production following viral infection. In particular, miR-221 is induced by VSV in an ELF4-dependent manner in different types of cells. We demonstrated that ELF4 initiated the transcription of miR-221 by binding the GGAA sequence in the promoter region of miR-221. Overexpression of miR-221 significantly inhibited the induction of IFNβ and facilitated virus infection. Therefore, miR-221 functions as a negative regulator of antiviral innate immune signaling. In the present study, we mainly focus on the negative regulation of RLR signaling by miR-221. However, we did briefly observe that HSV-1 induced-IFNβ expression was also inhibited by miR-221 overexpression (S2 Fig), which could be responsible for the enhanced infection of HSV-1 ( S3 Fig). Generally, HSV-1 activates cGAS-STING pathway to induce type I interferon and other cytokines expression, indicating miR-221 plays a broad role in regulating anti-viral response. More interestingly, both RLR and cGAS-STING pathways can also be activated by RNA or DNA species from the host cells themselves, resulting in autoimmunity or enhanced immune surveillance [36] . MiR-221 overexpression has been found in several types of tumors , and may contribute to tumor progression and therapy resistance [37] . Overexpression of type I interferons is very common in many autoimmune diseases [38] and type I interferons play important roles in tumor surveillance [39] . Thus, it is intriguing to further investigate the potentials of miR-221.
Components of innate immune signaling are often targets of miRNAs. To understand how miR-221 suppresses immune responses, RNA-seq was performed to elucidate targets of miR-221 in innate immune signaling. A handful of virus infection related down regulated genes were found, many of which are new to anti-viral pathway. Extensive work should follow these clues to fully understand the mechanism underneath the inhibition of type I IFNs production by miR-221. 
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